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Summary

Grasping and manipulation of deformable objects are challenging problems in the food-

processing industry, because objects vary widely in size, mass and stiffness. To prevent damag-

ing the object and to secure a stable grasp, this paper proposes a tendon-driven 2-DoF finger-

based gripper design with variable joint stiffness utilizing an agonist-antagonist setup. The se-

lected tendon routing configuration obtains independently controllable joint angles and com-

bined joint stiffness while being underactuated. Additionally, a common unactuated degree of

freedom realizes a high adaptability for gripper alignment issues and irregular object shapes.

An intuitive control strategy is proposed to regulate contact forces at the fingers and regu-

late stiffness by co-contraction. A proof-of-concept prototype was developed that successfully

grasped multiple objects of different size, mass and stiffness. Furthermore, the gripper was

capable to increase the joint stiffness by a factor of 3 with less than a 10 % increase in grasp

contact force and less than 0.025 rad joint deviation. The prototype showed a joint stiffness

range of 0.02-0.48 Nm/rad.
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1 Introduction

1.1 Context

This project is part of the NWO FlexCRAFT program (NWO/TTW, 2022), a collaboration be-

tween multiple Dutch universities and companies, which aims to bring robust perception,

world modelling, control, and gripping manipulation technology to the Dutch agri-food sec-

tor. The topic of this thesis is part of the gripping and manipulation of deformable objects.

Grasping and manipulation of objects remain the most challenging problems in robotics. Ob-

jects needing to be grasped can vary wildly in size, mass, stiffness, surface and other object

characteristics, which is especially challenging in the food processing industry. In the food pro-

cessing industry, improved capabilities are required for a successful grasp with minimal risk of

damaging the product. The agricultural environment is highly unstructured, and the operating

food products are delicate, easily bruised, adhesive and/or slippery (Wang and Zhang, 2018;

Zhang et al., 2020).

Grasping drumsticks and chicken fillets are excellent examples of this fundamental problem.

The inter-object variation is significant and the products can be stacked up on assembly lines.

This research focuses on these examples, where the approximated product dimensions are de-

picted in Fig. 1.1. The products have a mass of about 100 to 200 grams. The gripper should in

that situation ensure a stable grasp. The food industry is highly repetitive, often consisting of

assembly lines, and can easily perform over a million grasps per year for a single object. Addi-

tionally, the food industry requires daily cleaning and regular replacement of grippers from a

hygiene perspective. We define two types of grasps, enveloping grasping and pinch grasping.

Envelope grasping utilizes multiple contact points to enclose the object and to maximize the

contact area. Pinch grasping only utilizes a two contact points.

150 mm

100 mm

30 mm

65 mm

Ø 65 mm

Ø 15 mm

Figure 1.1: Grasp case example. Left: Chicken fillets Right: Drumstick.

1.2 Problem description

When it comes to grasping irregular and/or fragile objects, rigid grippers may not work as well

and even destroy the grasped object. Conventional grippers used in industry have been highly

optimized for a single specific grasping object, like the vacuum gripper presented by Sam and

Nefti (2010) and the magnetic (fluid) gripper presented by Tsugami et al. (2018). However, air

leakage and/or lack of contact area decreases the performance significantly caused by inter-

object variation. Also, a higher gripping time is required to carefully set pressures and pressures

to prevent product damage (Zhang et al., 2020).

Robotics and Mechatronics Mart Bluiminck
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In contrast, humans from a very young age perform complex grasping and manipulation tasks

effortlessly; the human hand is a marvel in its complexity, capability, and robustness. Conse-

quently, human hand-inspired finger-based grippers have been widely investigated. By ana-

lyzing the grip taxonomy (Cutkosky and Wright, 1986), in most human grasps only two fingers

perform a parallel grasp, where the others wrap around the object to increase stability or to

perform in-hand manipulation. Reducing the number of fingers is beneficial for the complex-

ity and costs (hygienic replacements). As a result, mainly two and three-finger grippers are

considered and in-hand manipulation is outside the scope of this project.

In these human hand-inspired grippers, the muscles are often imitated by tendons routed in-

side the finger to decrease the gripper’s volume and to minimize mass compared to designs

with motors at each joint or with 4-bar linkage mechanism as in Tlegenov et al. (2014). The

tendons are mostly actuated by electric motors for their simple and precise control ability,

their software capabilities and the easy integration of (force)sensors in the food industry (Zhang

et al., 2020). The tendon-driven finger-based grippers are investigated in many configurations,

fully - / underactuated, with rigid/flexure joints and with passive/active compliance.

Anderson (2011) presented the shadow hand, which showed capabilities approaching the hu-

man hand, but with high complexity (129 sensors and 24 DOF). A trade-off is often made be-

tween functionality and complexity. More specifically, a repetitive grasp does not require in-

hand manipulation or individual degree of freedom (DoF) actuation.

Single actuated tendon-driven (underactuated) designs have been presented such as the 2-

finger design (Ciocarlie et al., 2014), 3-finger design (Gao et al., 2020) and 4-finger design (Dol-

lar and Howe, 2009), which showed easy control, adaptability to off-centre gripping and com-

pliance to external forces. The grasp path is limited, which is predefined by the utilization of

passive springs/tendons to control the remaining DoFs and to return to the initial pose. Pinch

and envelope grasps could be achieved by optimization, but their relatively low load capacity

due to intrinsic compliance limits their applications.

Compliant grippers benefit from the characteristic to be adaptive to the shape while grasping.

Compliance can be achieved passively or actively. Passive compliance is achieved using rigid

bodies and joints with springs to return to the initial position as presented in Dong et al. (2017);

Ciocarlie et al. (2014); Rossi and Savino (2014); Ren et al. (2018); Catalano et al. (2014) or with

flexible joints as presented in Hussain et al. (2021). With flexible joints, different behaviors, e.g.

different fingertip trajectories or fingertip stiffness can be achieved, while keeping the same

kinematic structure. Their properties can be adapted e.g. by changing the infill density in a 3D

printing process. The flexibility increases the complexity of control and design.

Ren et al. (2018) presented the HERI hand, a tendon-driven 4-finger gripper with passive com-

pliance. Each finger consisting of three bodies was driven by an individual actuator. Conse-

quently, in-hand manipulation and specific tasks like pushing a button are feasible with this

configuration. Full sensory feedback of finger modules is provided. Catalano et al. (2014) pre-

sented the Pisa/IIT SoftHand hand, a tendon-driven 5-finger gripper with passive compliance.

Two actuators move a single tendon from its two sides resulting in two synergies. Firstly, mov-

ing both motors in the same direction, the tendon length is shortened and the gripper closes.

Secondly, moving the motors in opposite directions slides the tendon without shortening in-

ducing a friction-driven DoA.

The downside of passive compliance is that compliant grippers could neither bear much load

nor be controlled precisely due to the compliance of material and structure. Active compliance

has the benefit that the grippers stiffness can be adapted in real-time and task-dependent.

Additional actuators are required, which increases complexity. Active compliance could be

achieved by (de)pressurizing the tendon-driven finger with an enclosed bag filled with air as

presented by Gao et al. (2020). However, this stiffness could only be changed when the gripper

Mart Bluiminck University of Twente



CHAPTER 1. INTRODUCTION 3

is in the final gripping position and a pressure distribution between different bag compart-

ments is required to increase stiffness without changing gripping position.

1.3 Goals and approach

Therefore the question raises:

"How can an underactuated tendon-driven gripper be designed, to perform envelope and

pinch grasping, of varying and deformable objects, with active adjustable compliance? "

The main goal is to grasp a variety of objects for an inter-object variation range, which brings a

list of desired attractive benefits: (discussed in detail in Chapter 2)

1. Variable joint stiffness / compliant grasping (to prevent damage to product)

2. Dual mode grasping (envelope and pinch grasping)

3. Adaptive grasping (to handle external forces without loosing contact with grasped object)

4. Underactuated (to reduce complexity)

5. Low cost (for regular replacement for hygiene reasons, minimal sensing approach)

The project aims to design a tendon-driven underactuated gripper, where the emphasis is

placed on the variable joint stiffness. Initially, a simulation model will be made as a valuable

tool for both simulation and development. A two-finger gripper with 2-DoF per finger is pro-

posed. Multiple tendons are routed inside the gripper in series with non-linear springs. The

routing is selected to obtain attractive benefits of controllable variables of interest. The other

variables of interest are uncontrolled. The non-linear springs can be used to increase joint

stiffness by co-contraction in an antagonist-agonist setup. The project includes the fabrica-

tion of non-linear springs using a cam-follower design. The aim of the control strategy is to

regulate contact forces at the fingers by controlling the non-linear spring deflections. A proof-

of-concept will be fabricated using a prototype using rapid prototyping techniques, such as

3D printing and laser cutting. The stiffness range will be determined and the gripper’s perfor-

mance will be evaluated on rigid and deformable objects.

1.4 Outline

The thesis is organized as follows. Firstly, the general requirements are given in Chapter 2 to

give an overview of the main goals and contributions of the thesis. It gives motivation why cer-

tain requirements are pursued in the final design. This is followed by the core content of the

research, which is presented in the paper under Chapter 3. The chapters following the core

chapter can be seen as supporting chapters for the main paper. The paper presented the out-

come of the design iterations of Chapter 5. Additional findings during the thesis are elaborated

in Chapter 4. The paper shortly payed attention to the simulation model, since it is not a core

contribution, but rather a tool. Chapter 6 gives discusses further details about the simulation

model, including bond-graph model. As the main conclusions have already been presented in

the paper, Chapter 7 reflects on the design requirements described in Chapter 2. Details about

the screw theory are given in Appendix A.
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2 Requirements

As stated above, the main goal is to design a gripper with attractive benefits and to construct a

proof-of-concept prototype. Therefore, a MoSCoW for this thesis project is shown below.

• Must have:

± A novel idea with specific tendon routing, which is able to:

* change joint stiffness online.

* perform adaptive grasping (minimize effects induced by gripper alignment is-

sues, irregular object shapes and externally applied forces).

± A simulation model as a tool for development.

± Prototype of proof-of-concept.

* Easy to assemble.

* Using rapid prototypable techniques.

* Reasonable range of grasp force and joint stiffness.

• Should have:

± A (simple) control strategy to regulate contact forces at the fingers.

± Simulation model as a comparison tool for proof-of-concept prototype.

± Minimal amount of actuators (underactuation).

± Includes dual-mode grasping (envelope and pinch).

± Analysis of key design parameters (attractive benefits).

• Could have:

± State estimation with remote sensing (of joint 2).

± Mechanically design optimization (rigidity and compactness).

± Cost optimization (regular replacement for hygiene, minimal sensing approach).

± Optimized controller architecture.

± Analysis and optimization of tendon routing in antagonist-agonist setup.

• Won’t have:

± An in-hand manipulation feature

± A performance comparison between other grippers in food-industry

For a proof-of-concept, mass and size are subordinate, but should only be fabricated with the

available rapid prototypable machines. The specific 3D printer available is the Ultimaker S5

(Ultimaker, 2022), which provides a build volume of 330mm x 240mm x 300mm. The specific

laser cutter is the Trotec Speedy 300, which provides a build volume of 400mm x 700 mm and

can cut several plastics/wood. As earlier stated, the proposed method for the non-linear spring

is a cam-follower using linear springs. The contour, linear-spring stiffness and force-deflection

range are coherent design parameters. A stiffer linear spring reduces the slope of the contour

and overall size but introduces more non-idealities and measurement errors. Thus a trade-off

between size and force-deflection range is explored using the available build volume.

The stiffness range is mainly determined by the range of the force-deflection relation of the

non-linear springs. Since the finger’s width is minimized to grasp in tight spaces, the moment

Mart Bluiminck University of Twente
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arms are limited and high tensile forces are required to apply sufficient torques. It is hard to

come up with strict requirements containing stiffness since most designs (utilizing tendons) do

not present any information on the stiffness range. The contact grasp force can be compared to

the human hand, which ranges from 0.71 N for a pen (≈10 mg) to 14.66 N for a hammer (≈1 kg)

(Starke et al., 2019). As earlier defined, the object class of chicken fillets and drumsticks have a

mass of about 100 to 200 g. Therefore, the maximum object mass should extend 200 g.

Table 2.1: Overview of quantifiable requirements for prototype.

Parameter Amount Unit

Contact grasp force 0.71 - 14.66 N

Stiffness range ?? Nm/rad

Maximum object mass ≥ 200 g

Robotics and Mechatronics Mart Bluiminck
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3 Paper

The following pages show the core of the research, presented as a separate paper which will

later possibly be sent for publication.
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Modeling and control of underactuated finger-based

gripper with adjustable compliance for grasping of

varying and deformable objects
Mart Bluiminck, BSc, m.bluiminck@student.utwente.nl, Electrical Engineering, dept. RaM

AbstractÐGrasping and manipulation of deformable objects
are challenging problems in the food-processing industry, because
objects vary widely in size, mass and stiffness. To prevent
damaging the object and to secure a stable grasp, this paper
proposes a tendon-driven 2-DoF finger-based gripper design
with variable joint stiffness utilizing an agonist-antagonist setup.
The selected tendon routing configuration obtains independently
controllable joint angles and combined joint stiffness while being
underactuated. Additionally, a common unactuated degree of
freedom realizes a high adaptability for gripper alignment issues
and irregular object shapes. An intuitive control strategy is
proposed to regulate contact forces at the fingers and regulate
stiffness by co-contraction. A proof-of-concept prototype was
developed that successfully grasped multiple objects of different
size, mass and stiffness. Furthermore, the gripper was capable
to increase the joint stiffness by a factor of 3 with less than
a 10% increase in grasp contact force and less than 0.025 rad
joint deviation. The prototype showed a joint stiffness range of
0.02-0.48 Nm/rad.

Index TermsÐRobotic gripper, Tendon-driven, Variable stiff-
ness, Adaptability, Deformable objects

I. INTRODUCTION

Grasping and manipulation of objects remain the most chal-

lenging problems in robotics. Objects needing to be grasped

can vary wildly in size, mass, stiffness and surface finish.

Especially in the food processing industry [1, 2], since prod-

ucts are are delicate, easily bruised, adhesive and/or slippery.

In this sector, improved gripper capabilities are needed for

a successful grasp with minimal risk of damaging products.

Secure grasping not only requires contacting the objects, but

also preventing potential slip and damage while the objects

are picked and placed [3].

A. State-of-the art grippers in food industry

The food industry has a huge variety of different conven-

tional grippers introduced from other industries to address this

issue using electric, pneumatic, magnetic or other actuation

types [2]. These grippers are highly optimized for a single

object characteristic, e.g. the size, and are used in interchange-

able units to deal with the inter-product variation range of a

product. This thesis is part of the NWO project FlexCRAFT

[4], which aims to bring robust perception, world modelling,

control, and gripping manipulation technology to the Dutch

agri-food sector.

Fig. 1. Simulation model, practical implementation of designed gripper and
QR-code to video-footage: www.youtube.com/watch?v=Idmzvgd9JQA.

B. Passive compliant grippers

Compliant grippers benefit from the characteristic to be

adaptive to the shape while grasping. Soft robotics based

on the fin-ray effect [5] or layer jamming [6] showed a

decreased damage risk, high adaptability to off-center gripping

and compliance to external force, but could neither bear much

load nor be controlled precisely. Specifically, the possible

grasp configurations resulting from design optimization are

limited and are not online adjustable. Comparable performance

and limitations are shown for single actuated rigid-body-based

passive-compliant grippers. Those grippers utilize rigid body

links in combination with joint springs [7]±[10] or flexible

joints [11] to return to the initial position and to passively

adapts to the shape of an object. For flexible joints, differ-

ent behaviors, e.g. different fingertip trajectories or fingertip

stiffness can be achieved, while keeping the same kinematic

structure. Their properties can be adapted e.g. by changing the

infill density in a 3D printing process. The flexibility increases

the complexity of control and design.

C. Human-hand inspired grippers

The human hand is well represented as a inspiration source

for grippers, since the human hand is marvel in its complexity,
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capability and robustness. The muscles are often imitated

by tendons routed inside the phalanges as the mechanical

transmission system to decrease the gripper’s size and weight

by locating their actuators remotely from their joints [12]. The

5-finger shadow hand [13] showed comparable capabilities

to the human hand, even including in-hand manipulation,

but with high (control) complexity of in total 129 force/load

sensors and 24 degrees of freedom (DoF). A less complex

implementation featuring in-hand manipulation is shown in the

4-finger Heri hand [14]. The Pisa/IIT SoftHand [15], a tendon-

driven 5-finger gripper with passive compliance, employs two

actuators moving a single tendon from its two ends resulting

in two synergies and lower complexity. Muscle synergies have

been defined by [16] as patterns of muscle activity whose

timing and/or amplitude modulation enable the generation of

different movements. In context of tendons, tension exerted on

a tendon routed via multiple bodies would generate torques

at several joints. Therefore, the motion of multiple joints

can occur without the need for multiple tendons resulting in

an underactuated system. For the two synergies of the the

Pisa/IIT SoftHand, firstly, moving both motors in the same

direction, the tendon length is shortened and the gripper closes.

Secondly, moving the motors in opposite directions slides the

tendon without shortening inducing a friction-driven degrees

of actuation (DoA).

D. Active compliant grippers / variable stiffness

All previously mentioned grippers utilize passive compli-

ance which can neither bear much load nor be controlled pre-

cisely due to the compliance of material and structure. Active

compliance has the benefit that the gripper’s joint stiffness

can be adapted in real-time and task-dependent. Objects can

be approached with high compliance and after a stable grasp

equilibrium, the stiffness can be increased to prevent the object

from falling out of the gripper by acceleration of the gripper

or externally applied forces.

Variable stiffness can be achieved using active impedance

control or adaptable inherent compliance [17]. Active

impedance control exploits the control loop, which does not

allow energy storage and requires a more complex control

algorithm compared to inherent compliant mechanisms. In-

herent compliance can be achieved by non-linear spring load-

ing (e.g. an agonist-antagonist setup), changing the effective

transmission ratio between load and spring [18] and changing

physical spring properties. Unlike the other concepts, the

latter concept modulates the effective physical structure of a

spring [19, 20], e.g. the material modulus (controlled by e.g.

temperature) and the cross-sectional area. The control is slow,

in case of changing material modulus and/or has no tunable

stiffness relation for the cross-sectional area. Next, changing

the effective transmission ratio is often complex and requires

one actuator for the position and one actuator for the stiffness.

Spring preloading with an agonist-antagonist setup is the

simplest method and utilizes two actuators connected to non-

linear springs. To obtain adaptable stiffness in an agonist-

antagonistic setup, the springs need to be nonlinear [21]. The

commercial availability of non-linear springs with a specifi-

able force-displacement relationship is extremely limited [22],

so (adapted) triangle mechanisms [23], four-bar mechanisms

[24], and cam-followers [22] have been developed showing

strong designed force-displacement behavior in combination

with linear springs. All implementations of non-linear spring

preloading for grippers have been employed using two actua-

tors for a single joint since both equilibrium and stiffness are

independently controlled.

E. Scope and contributions

This work is primarily focused on the design and construc-

tion of an underactuated tendon-driven finger-based gripper

with key features such as high adaptability and variable joint

stiffness. The considered objects are deformable spherical

objects with diameters ranging from 25 to 65 mm. This work

includes the kinematic analysis of the tendon routing inside

grippers. A simulation model is presented as a valuable tool

for both simulation and development. The design features

are demonstrated in a proof-of-concept prototype. The main

contributions can be summarized as follows:

• Novel tendon-driven finger-based gripper design to obtain

online adjustable compliance with low design complexity

and a limited number of actuators, including mathemati-

cal model and parameter exploration.

• Development of a suitable control strategy for contact

force control, stiffness regulation, and grasp type control.

• Proof-of-concept prototype (using rapid prototyping tech-

niques) including non-linear springs with designed force-

displacement relation.

• Experimental validation of designed gripper, showing

key features such as high adaptability and online joint

stiffness.

The paper is organized as follows. Firstly, Section II will

focus on the analysis of key features. This is followed by

Section III which focuses on modelling and simulation of the

gripper design and object interaction. Section IV elaborate

on the proposed control strategy. Section V presents the

mathematical model and fabrication of a non-linear spring

with specific force-deflection relation. Section VI focuses on

the practical prototype considerations. Section VII presents

the gripper key-features validation and design performance.

Finally, Sections VIII and IX presents a discussion on the

results, a conclusion, highlights possible areas of future work

and gives concluding remarks.

II. CONCEPT AND ANALYSIS

The analysis of the human grip taxomony [25, 26] showed

that only two fingers are required for performing a parallel

grasp and the other fingers wrap around an object to increase

stability. Therefore, a two-finger design is minimal. A mini-

mum number of two phalanges per finger is required to grasp

around a spherical object to perform a 5-point stability grasp.

Extending the number of phalanges increases the number of

stable gripper configurations, while also increasing complexity.

Since the goal is a proof-of-concept, the design described from

here is a 2-finger 2-DoF per finger parallel gripper as shown

in Fig. 2.
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Base

Middle phalange 

Proximal phalange

Distal phalange

Finger 1 Finger 2

Joint 1

Joint 2

Fig. 2. Kinematic model of 2-DoF per finger gripper. Note that middle and
distal phalange are rigidly connected.

For a tendon-driven design, the tendon is routed around a

joint pulley to apply a joint torque. The tendon-routing highly

affects controllability, kinematic motion coupling, and bias

forces [27]. Therefore, routing points guide the tendon and

ensure contact with the joints. The tendon routing follows an

optimal alternating pin allocation [28] resulting in a smooth

contact force stabilisation as the fingers achieve a static

equilibrium and no sliding occurs.

A. Possible tendon-configurations

Many possible routings exist for tendon-driven designs [27].

The 2-DoF per finger gripper of Fig. 2 has 8 variables of

interest, 4 joint angles and 4 corresponding stiffnesses. The

tendon routing configuration determines the actively controlled

states. The variable joint stiffness feature requires both an

actively actuated inside and outside routed tendon around the

joint pulleys. Simultaneously, actuating both tendons in op-

posite directions ensures an independent joint angle enabling

envelope and pinch grasping.

Fig. 3 shows the tendon routing inside the gripper. Both

tendons around joint 2 are routed via the inside of the first

joint, obtaining an independent joint 1 angle state. Actuating

both tendons in opposite directions does not affect joint 1 and

stiffening of joint 2 results in a closing movement at joint 1. A

third tendon compensates for the latter. The result is that both

joint angles are independently controlled, while the stiffness

of both joints is non-linearly coupled (details in Section III-C).

To prevent containing 6 actuators, the gripper is symmetric

and joint angles and stiffnesses of both fingers are coupled,

resulting in the other unactuated common mode variables of

interest. The latter induces high adaptability.

B. Adaptability

It is beneficial to be adaptable to (object) alignment issues

and irregular shapes. Accordingly, a less precise geometry

description is required of the object and undesired external

contacts effects can be reduced maintaining a stable grasp.

Therefore, a differential mechanism is implemented to obtain

an unactuated common mode DoF. For symmetric grippers, a

2

3

1

Actuator

Tendon 1 

Tendon 2 

Tendon 3 

Routing point

Moving pulley

Non-linear springs

(3x)

Differential mechanisms

(3x)

Fig. 3. Kinematic model including actuation scheme and tendon routing.

review of differential mechanism in the context of grasping

are provided [29], presenting three types: gear differentials,

linkage whippletree differentials, and pulley differentials.

Raymond et al. [30] elaborate on the (dis)advantages, which

are listed below. Gear differentials offer compactness at the

cost of design complexity and friction, especially when 3D

printed. Whippletree differentials utilize the rotation of a bar

around a static pivot point to equalize the output difference.

The whippletree’s compactness and flexibility are limited by

its length. It is perfectly suited for 3D printing. Pulley differen-

tials containing a floating or moving pulley offer advantages,

since the motion range is not limited like the whippletree.

Also, the pulleys could be tracked using small encoders to

obtain the tendon displacement. The latter is important since

remotely sensing of states is beneficial in the food-processing

industry to minimize sensor-object contact (hygiene reasons).

Given these tradeoffs, a double pulley differential is pre-

sented as shown in Fig. 3, which combines two horizontally

spaced pulleys on a carrier. To prevent rotation of the carrier,

the tendon attachment is triangular, with two connection points

on the mechanism, since a single attachment would result

in a combined whippletree and pulley mechanism, presented

in [30]. Moreover, estimating the tendon displacement of the

unactuated common mode DoF in a combined whippletree and

pulley mechanism would require more than just a single pulley

encoder, which would increase complexity.

III. MODELLING

A. Generic kinematic model

To obtain the relation of the tendon tension force and the

joint torque, the kinematics of tendon-driven mechanism can

be established [27]. The following description holds a single

finger, but is identical for the other finger since symmetric.

For a generic case, with passive and active tendons, the

kinematics will be derived. In the following, L, P , N and

A represent the number of tendons, passive tendons, joints

and actuators, respectively. The kinematic relation between the

tendon extension l ∈ R
L and the variables such as the joint
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angle vector q and the actuator configuration vector θ, can be

described as:

l = l (q,η, l0) =

[

la(q,θ)
lp (q, l0)

]

, (1)

where la(q,θ) and lp (q, l0) are the extensions for active

tendon parameters q,θ and passive tendon parameters q, l0,

respectively. l0 denotes the initial extension for the passive

tendons. Specifically, q = (q1, q2, · · · , qN ) ∈ R
N , l0 =

(l0,1, l0,2, · · · , l0,P ) ∈ R
P and θ = (θ1, θ2, · · · , θA) ∈ R

A.

Moreover, setting J t to be a Jacobian matrix that maps the

joint angle velocity vector q̇ to the tendon extension rate l̇,

the derivative of the tendon extension regarding time can be

provided by:

l̇ =

[

l̇a(q,θ)

l̇p (q, l0)

]

= J tq̇ +

[

Ra

0

]

θ̇, (2)

with the constant jacobian matrix,

J t =

[

Ja

Jp

]

,

where Ja ∈ R
(L−P )×N and Jp ∈ R

P×N are the

active and passive Jacobian matrixes, and Ra ∈ R
A×A is

the diagonal matrix whose diagonal elements are the pulley

radii connected with actuators. Using the principle of virtual

work, the following expression for the actuation joint torques

τ a ∈ R
N is obtained:

τ a = −J⊤
t F t, (3)

where F t ∈ R
L denotes the vector of tendon tension

forces, which is constantly positive since all the tendons cannot

generate negative tension force. Since the tension force is

just considered, the negative sign is referred to in the above

equation.

B. Kinematic model of design

The configuration depicted in Fig. 3 has no passive tendons,

three actuators, three tendons, and two joints, P = 0, A = 3,

L = 3, N = 2, respectively. The wrapping of the tendon

around the pulley causes tensile force decrease between tensile

force before pulley, Ti, and tensile force after pulley, Ti+1,

with Ti ≥ Ti+1. The loss is denoted as 0 < ηi ≤ 1, such

that Ti+1 = ηiTi. The value of ηi is dependent on the type of

friction, which is explained in detail in Section III-E. For the

specific configuration, F t can be expressed as:

F t =
[

Fa1 Fa2 Fa3

]⊤
, (4)

where Fa1, Fa2 and Fa3 denotes the tensile forces induced

by the deflection of the non-linear springs. The jacobian J t is

given by:

J t
⊤ =

[

−r1 −r1 r1
−η1r2 η2r2 0

]

. (5)

From Eq. (3), we can obtain the following equation:

τ a =

[

τ1
τ2

]

= −

[

Fa1r1 + Fa2r1 − Fa3r1
η1Fa1r2 − η2Fa2r2

]

. (6)

In the configuration in Fig. 3, the springs are non-linear

following a quadratic force-displacement relation given as:

F(xi) = ai (x− x0)
2
+ bi (x− x0) + c, (7)

where the spring deflections xi for i = 1, 2, 3 are given by:

x1 = θ1ra + q1r1 + q2r2,

x2 = θ2ra + q1r1 − q2r2,

x3 = θ3ra − q1r1.

(8)

If F (x1) and F (x2) share the same coefficients, a1 = a2 =
a, b1 = b2 = b, c1 = c2 = c and if the coefficients of F (x3)
equal a3 = 2a, b3 = 2b and c3 = 2c, the expression for applied

torques τ1 and τ2 reduces to:

τ1 = r1[ara(θ
2
1 + θ22 + 2θ23) + 2aq22r

2
2+

2araq1(θ1r1 + θ2r1 + 2θ3r1) + 2araq2(θ1r2 + θ2r2)+

bra(θ1 + θ2 − 2θ3) + 4bq1r1]

τ2 = r2[ar
2
a(θ

2
1 − θ22) + 2ara(θ1q1r1 + θ1q2r2 − θ2q1r1+

θ2q2r2) + 4aq1q2r1r2 + 2bq2r2 + bra(θ1 − θ2)],
(9)

resulting in an intuitive stiffness relation.

C. Stiffness

Stiffness is defined as the rate of change of torque (or force)

over (rotational) displacement:

k =
dτ

dq
. (10)

The stiffness of joint 1 and joint 2, respectively k1 and k2
are calculated using Eqs. (9) and (10), resulting in:

k1 = 2arar
2
1(θ1 + θ2 + 2θ3) + 4br21

k2 = 2arar
2
2(θ1 + θ2) + 4aq1r1r

2
2 + 2br22

(11)

In this case, both stiffnesses are linearly dependent on co-

contraction (i.e., the sum of θ1 and θ2 (and θ3 for k1), with a

constant offset proportional to b. Note that the specific choice

of 2a1 = 2a2 = a3 = 2a, 2b1 = 2b2 = b3 = 2b and 2c1 =
2c2 = c3 = 2c result, that k1 is independent of angle q1,

but with a doubled constant offset dependent on b. The offset

b is desired to be non-zero, to prevent zero stiffness at zero

spring deflection. Moreover, in the fabrication process, (non-

linear) springs with constant offset approaching zero are hard

to obtain.

D. State estimation with remote sensing

Reducing the number of sensors or locating the sensors

remotely reduces possible contact, cleanability and cost. To

estimate contact forces without force sensors on each contact

point, the state of the gripper is necessary. In the closed

tendon system of Fig. 3, assuming no tensile-force induced

tendon stretch, the state of joint 2 (q2), can be reconstructed

using the first joint angle (q1), displacement of differential

mechanism routing the first tendon (l1) and displacement

of tendon 1 within the differential mechanism. Since, the

differential mechanism guide the tendon over two pulleys, the
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Slipping

Cable

Rotating Rotating

Fig. 4. Friction effects for different routing methods. Image based on [32].

relative displacement is therefore given by its radius (r4) and

angular displacement (q4). The equality describing lengths is

given by:

r1q1 + r2q2 = l1 − r1q4. (12)

Assuming equal radii (r1 = r2 = r4 = r). The state of

joint 2 (q2) is given by:

q2 =
l1 − rq4

r
− q1. (13)

Similarly, the expression for tendon 2 can be established.

The advantage is that the joint 2 encoder can be located in the

wrist of the gripper.

E. Friction model

Tendon-driven grippers have little mass and inertia in the

phalanges. High tensile forces are necessary to produce signif-

icant applied joint torques since the pulley radii size is limited

to the phalange width. Hence, the phalange width is limited

to allow a compact design for grasping in tight spaces e.g.

stacked objects. The pulley radii determine the moment arm

for the applied tensile force. Consequently, friction effects may

become dominant for high tensile forces.

An important aspect is the effects of the tendon routing

inside the gripper. The tendons are routed with fixed routing

points on the bodies and pulleys at the joints. The routing

points ensure contact of the tendon with the pulleys while

grasping, keeping the moment arms of the applied tensile

forces constant. The routing points reduce the tensile force

due to wrapping friction. The optimal configuration, based

on grasp stability and tensile force efficiency utilizes an

alternating pin allocation [28, 31].

Pulleys can be implemented in different ways, by 1) a

tendon slipping over a fixed pulley, 2) a bushing-supported

pulley or 3) a bearing-supported pulley as indicated in Fig. 4.

Case 1 is applicable for the routing points inside the phalanges,

where the tendons slip around a fixed pulley since space is

limited. Cases 2 and 3 have different friction effects.

As earlier stated in Section III-B, friction causes the tension

force to decrease when it wraps around pulleys and/or routing

points, Ti+1 = ηiTi. To find a expression of ηi (same as in

Eq. (6)), ηi is given for slipping by [32]:

ηi = e−µθ, (14)

with friction coefficient µ and contact angle around pulley

ψ. For a bushing-supported and bearing-supported pulley, ηi
is instead given by [32]:

ηi =
α2 + cos(ψ)−

√

(1 + cos(ψ) (2α2 + cos(ψ)− 1)

α2 − 1
.

(15)

Fig. 5. Contact model. A finite number of contact points are shown as black
dots along the gripper surface. Each contact point is connected via a ’fictitious’
spring to the center of mass of the object, indicated for the two red dots.

with α = rp/ (µrj) for a journal bearing and with α =
rp/ (fdd) for a rolling bearing, where fd is the friction

moment coefficient similar to µ, and d is the diameter of

the rolling bearing, as indicated in Fig. 4. The derivation

assumes negligible pulley inertia, no slipping for bushing-

and bearing supported pulleys and no tendon stretching on

the pulley surface.

As could be observed, the friction is highly dependent on the

contact angle ψ. Furthermore, zero slippage over the pulley is

desired to prevent measurement errors. This may be achieved

by wrapping the tendon an additional full turn around the

pulley, increasing the contact area and thereby increasing static

friction and preventing slippage. Note that the kinetic friction

remains unchanged, as the induced additional normal forces

cancel out.

F. The model of contact forces

Contact plays an essential role in gripper design. The

contact modeling is defined by a finite number of contact

points along the phalanges as shown in Fig. 5. The following

description holds a single finger, but is identical for the other

finger since symmetric. The i-th contact point is perpendicular

to the surface and the i-th contact force (Fc,i) is decomposed

to obtain the perpendicular components w.r.t the moment arm

vector as defined in Fig. 6. The perpendicular contact force

component on the proximal phalange induces a torque on

joint 1, while contact forces on the middle- and distal phalange

induce resulting torques on both joints. The resulting induced

contact torques per finger are summed to obtain the net effect

(τ c ∈ R
N ). For the proximal phalange, the contact torque on

joint 1 (τc,proximal→J1
) is given by the i-th moment arm (Mi)

times the i-th perpendicular contact force (Fc,i):

τc,proximal→J1
=Mi cosαiFc,i. (16)

The expression for the middle phalange w.r.t. joint 2

(τc,middle→J2
) is similar to the proximal phalange w.r.t. joint 1.

The distal phalange is a quarter circle with origin Ocirc as

defined in Fig. 6. For the distal phalange, the i-th contact

force is decomposed in the perpendicular component (Fi,⊥)

of the contact force w.r.t. the moment arm. The perpendicular
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OCirc

OJ2

OContact

OContact

OJ1

OJ2

Fig. 6. Contact force decomposition. Left: Moment arm of proximal phalange
(and middle phalange) contact point w.r.t. joint 1 (and joint 2). Right: Moment
arm of the distal phalange contact point w.r.t joint 2.

component (Fi,⊥) is given by Fi,⊥ = cos γiFc,i, where γ =
α+ β. The resulting contact torque (τc,distal→J2

), is given by

the moment arm (Mi) times the perpendicular force (Fi,⊥):

τc,distal→J2
=Mi cos γiFc,i. (17)

Angle β is strictly positive, 0 ≤ β ≤ 0.5π, while angle α
can be positive and negative. Angle γ ̸= 0.5π due to ge-

ometry, so the contact torque contribution is always nonzero

(τc,distal→J2
> 0).

To map the contact force present at the middle- and distal

phalange to joint 1, the moment arms were defined as in

Fig. 5, where distal phalange contact points are decomposed

in two perpendicular forces, the length and width direction.

The resulting torque induced by the distal phalange on joint 1

is given by:

τc,distal→J1
=

(

cos(β)(P1 + L1 cos(q2))+

sin(β)(P3 + L1 sin(q2))
)

Fc,i

(18)

A similar expression can be found for the the effect of a

contact point on middle phalange w.r.t. joint 1 (τc,middle→J1
).

The net torque (τc ∈ R
2) is then given by:

τc =

[

τc,proximal→J1
+ τc,middle→J1

+ τc,distal→J1

τc,middle→J2
+ τc,distal→J2

]

.

(19)

G. The simulation model

The 2-DoF body is modelled using the screw theory [33]

with twists, wrenches and adjoints to convert between different

frames and is shown in Fig. 8. Firstly, the advantage is the

easy restriction of DoFs and limiting out-of-plane movements

and forces, reducing complexity. Secondly, easy extension for

different finger configurations or more out-of-plane movement

and forces is possible. The presented kinematic model and

contact forces is limited to 2D and requires modification in

case of 3D, especially the contact model.

The tendons are modeled as rigid cables with a non-linear

spring in series. The friction is modeled as an modulated

resistors (MR), with parameter ηi(q1). Transformers are used

to convert forces to torques and flow sources to change length

of tendon connected to one end of the non-linear spring. For

- -

Fig. 7. The proposed control strategy. The plant is shown in Fig. 8.

modeling a rigid body the fictitious forces are disregarded

because the bodies are assumed to be rotating relatively slow.

The grasp object is modeled as a sphere with a spring

attached between the sphere’s center of mass and the i-th
contact point with (non)linear spring constant kobject. Object

deformation is not taken into account.

IV. CONTROL

The aim of the control strategy is to regulate contact forces

at the phalanges. This is achieved using earlier defined con-

tact and actuator jacobians, together with known elongation-

force relations of the nonlinear springs. Simultaneously, co-

contraction of opposing tendons can be utilized to regulate

joint stiffness. Fig. 7 shows the control strategy with velocity

setpoints of the motors θ̇ applied to the plant.

The control strategy regulates the non-linear spring elonga-

tion based on a desired contact force. The control strategy also

regulates the angle of joint 2 (q2). This allows to regulate the

angle of the contact forces, either 1) in parallel to ensure a

parallel pinch with minimal reliance on friction, or 2) inward

towards the gripper to move the object towards an envelope

grasp.

Let C represent the number of contact points per finger.

In equilibrium, torques produced by the contact forces and by

actuation cancel out, i.e. J tF a = JcF c, where Jc denotes the

contact Jacobian and F c denotes contact forces. Rewritten, a

desired contact force, F ∗
c ∈ R

C , can be used to obtain actuator

setpoints, F ∗
a ∈ R

A. Increasing joint stiffness is achieved by

increasing all the non-linear spring forces equally. Therefore,

F a is given by the summation of the desired contact force and

stiffness component (F st):

F ∗
a = J†

t J
⊤
c F

∗
c + F st, (20)

where J
†
t :=

(

J⊤
t J t

)−1

J⊤
t denotes the Moore-Penrose

pseudo inverse of J t, since J t can be non-square. For sim-

plicity, only the most dominant contact points per phalange

are used, C = 2. The pseudo-inverse can be calculated once

since it contains only constant joint radii.

Note that the plant includes the conversion between mea-

sured states (non-linear spring deflections and angular actuator

positions) and control variables (F a and q2) as well as low-

level control loops for motor velocity control. F a is calculated

using Eq. (7) and the measured non-linear spring deflections.

The non-linear spring deflections are controlled in a inner

loop with proportional gain, K1 = diag(Kp1,Kp1,Kp1).
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Fig. 9. Cam-follower description of non-linear spring based on [22].

An outer loop is used to control the joint 2 angle (q2), using

K2 = diag(Kp2,−Kp2, 0). The control priority is set to

regulate the non-linear spring forces, so Kp1 and Kp2 are

selected to ensure K1e1 > K2e2, where e1 and e2 denotes

the errors, respectively.

The grasp type, envelope or pinch grasping, is actively de-

termined by setting the desired contact forces (in combination

with q2). Zero desired contact force at the proximal phalange

results in a pinch grasp and a non-zero desired contact force

on all phalanges results in an envelope grasp.

V. NON-LINEAR SPRING IMPLEMENTATION

The non-linear spring requires a specific quadratic force-

displacement relation. The most easily tunable method with

the highest load capacity is a cam-follower, although its size

is significant and has higher friction compared to the earlier

mentioned (adapted) triangle and four-bar mechanisms. We

choose the cam-follower as the proof-of-concept for its ease

of implementation. To obtain the force-displacement relation,

we follow the concept and solution proposed by [22].

The cam-follower design of Fig. 9 stretches a roller guide

relative to a specific frame contour, while the ball bearings

are connected via two linear springs (one on either side of the

frame). The applied force-deflection relationship is dependent

on the contour shape. The independent variable, xr, is the

horizontal distance from the left-most edge of the frame to

the rollers’ center point, such that xr ≥ 0. xc is the horizontal

distance to the rollers’ contact point and other relationships

found are given by:
xc = xr +R sinφ

F (xr) = N sin (φ (xr))

Fs (xr) = N cos (φ (xr))

F (xr)

Fs (xr)
= tan (φ (xr)) = y′c (xc)

yr (xr) = yc (xc) +R cos (φ (xr))

(21)

where R is the radius of the rollers and φ is the angle

between the rollers’ normal force vectors (N ) and the vertical

axis. F(x) is one-half of the overall force-length relationship

of the device because force is transmitted equally through both

rollers. Fs (xr) defines the sum of the forces exerted by both

springs:

Fs (xr) = 4k
[

yr (xr)−
x0
2

]

+ Fp (22)

Combining Eq. (21) and Eq. (22), the device contour,

yc(xr), is given by the differential equation1:

yc
′ (xc)



yc (xc) +
R

√

1 + yc′ (xc)
2
−
x0
2

+
Fp

4k



−

a

8k



xc −R





yc
′ (xc)

√

1 + yc′ (xc)
2









2

−
c

8k
= 0.

(23)

1Corrected equation from contribution of [22]. In Eq. (22), x0 →
x0

2
and

in Eq. (23) yc′ (xc)
2

(

Fp

4k

)

→ yc′ (xc)
(

Fp

4k

)

.
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Fig. 10. Non-linear spring. Left: CAD model. Right: 3D printed prototype.

Numerical solutions to Eq. (23) are computed using Math-

ematica 13, using equation parameters: k = 11.8 N/cm,

x0 = 4.9 cm, Fp = 22.6 N, R = 0.79 cm, c = 1 N and a = 2

or 4 N/cm2. The parameters are selected for the available

components and to have a significant deflection range (of

several cm), which reduces measurement errors/noise and

limits the non-ideal behaviour of the linear springs. To prevent

the roller guide from acting as a whippletree, additional (small)

bearings are located on the roller guide on the inside trajectory

with an offset in x-direction w.r.t. the center of the ball bearing.

Size could be drastically decreased while maintaining the

force-deflection curve, by increasing e.g. linear spring stiffness

(k) or decreasing roller guide radius (R), but at the cost

of increased non-idealities. Fig. 10 shows the CAD model

and 3D printed proof-of-concept. Fig. 11 shows the force-

deflection curves of three manufactured prototypes, together

with a second-order fit and the desired curve. All devices

demonstrate strong correlation to desired quadratic behavior

(r2 = 0.9940, 0.9896, and 0.9845, respectively). The actuation

of the device’s roller guide is in discretized displacement steps,

which is visible as a stick-slip behavior in the individual runs.

VI. PROTOTYPE

The prototype of Fig. 12 contains two compact fingers on

top and the non-linear springs, differential mechanism and

actuators located in the wrist. Rigidity is ensured by aluminum

square profiles connected to a thick (Delrin) top and bottom

plate with adjustable spacing. Flange bushings (Igus) enables

low rotational friction in the 2-DoF body in a compact fitting.

Similarly, the pulleys inside the phalange are plastic bushing-

supported. The tendon guidance in the base/wrist contains four

bearing-guided pulleys for each tendon with constant wrapping

angle of 0.25π rad. The tendons are actuated using Dynamixel

MX64 servo motors. All angles are measured using AMS

AS5048A magnetic position sensors. The geometric param-

eters are listed in Table I. The selected values ensure possible

pinch grasping, and 5-point stability envelope grasping for the

earlier specified object diameter range.

The design choices determine the torque-deflection relations

of both joints. Fig. 13 shows the torque-deflection relations for

co-contraction of counteracting tendons with different tendon

tensile forces (of 10 to 110 N in steps of 25 N) in simulation.

Joint friction between phalanges is neglected to obtain intuitive

torque-deflection relations without hysteresis. The resulted

stiffness ranges for joint 1 and 2 are 0.46-1.39 Nm/rad and
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Fig. 11. Characterization of the force-displacement relation of the fabricated
non-linear springs.

Fig. 12. Proof-of-concept Left: CAD model. Right: Fabricated prototype.
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TABLE I
PARAMETERS IN PROTOTYPE.

Parameter Value Unit

Actuator radius ra 7.5 mm

Joint radii r1, r2 7.5 mm

Length base L0 40.0 mm

Length phalanges L1, L2 47.5 mm

Width phalanges W1,W2,W3 10.0 mm
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Fig. 13. Characterization of the torque deflection curve of joint 1, q1

0.25-0.72 Nm/rad, respectively. The stiffness ratio between

joint 1 and joint 2 is approximately a factor of 2 (1.84-1.93),

which is in line with earlier derived Eq. (11) where k1 has all

k2 terms doubled with an additional term dependent on q1.

VII. RESULTS

Multiple experiments are used to validate the prototype and

the attractive features. These are listed and elaborated below.

1) Joint 2 state estimating using remote sensing

2) Friction loss of tensile force in tendon chain

3) Torque-deflection relation for joint 2

4) Stiffening of joint 2

5) Grasping a variety of objects

Firstly, the validity of the remote joint 2 angle sensing is

tested, including the absolute error of joint 2 for different

tensile forces. Secondly, the tensile force at different positions

of the tendon chain is measured to analyze friction losses.

Next, the stiffness range of joint 2 is compared between the

prototype and theoretical design. To check if an object can

be grasped and stiffness can be increased without increasing

contact force, a pinch grasp is performed on a cylindrical

object and afterwards tendons co-contract. Lastly, to validate

performance, a grasp visualization of a deformable cylinder

in simulation and prototype is shown, together with additional

grasp visualizations of a variety of different objects in size

and stiffness.

A. Experiment 1: Joint 2 state estimating using remote sensing

To test the remote sensing validity, the joint 2 estimation

accuracy is tested for multiple tensile forces with an additional
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Fig. 14. Results experiment 1: Joint 2 estimation of single finger using
encoders. Tendon 1 has a constant tensile force of 40 N, other tendons are
slack. Top: Angle range and phase indicating. Middle: Corresponding error.
Bottom: Phase visualisation. Remotely sensed joint is marked red. Phase
1: initial state. Phase 2: Moving only measurement finger to both joint
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Fig. 15. Results experiment 1: Accuracy of joint 2 estimation for different
tensile forces. Experiment is based on a single run of each phase with a equal
duration of 10 seconds and approximately the same movement speed.

position sensor on joint 2 as a ground-true reference. The ac-

curacy is tested in 5 different phases, with varying movement

speeds and joint angle states. The phases are emphasized in

Fig. 14. The error is in the range of ± 5 degrees for slow

movements (phase 3) and in the range of ± 10 degrees for

faster movements (phase 4). Movement of the other finger

(phase 5) results in a error significantly smaller than for

phases 3 and 4. The experiment is repeated while varying the

tensile force, with the absolute angle estimation error shown in

Fig. 15. Each single run consisted of each phase with a equal

duration of 10 seconds and approximately the same movement

speed. No trend can be observed and an overall average of

about 3 degrees is observed for all tensile forces.

B. Experiment 2: Friction loss of tensile force in tendon chain

To measure friction losses, the tensile force over the tendon

is measured in four locations, 1) after the non-linear spring,

2) after two bearing guided pulleys with ’single winded’

wrapping angle of 0.5π rad, 3) after two bearing guided pulleys

with ’double winded’ wrapping angle of 2.5π rad and 4) the
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A) C) D)B)

Fig. 16. Measurement setup. (A) Tensile force measurement directly after
non-linear spring. (B) Tensile force measurement after two routing pulleys.
(C) Induced torque measurement. (D) Torque-deflection measurement.

0 10 20 30 40 50
0

20

40

60

80

100

A
b
s
o
lu

te
 F

o
rc

e
 [
N

]

Tensile force at locations along single tendon chain

Setpoint

Location 1

Location 2

Location 3

Location 4

0 10 20 30 40 50

Time [s]

-10

-5

0

5

10

A
b
s
o
lu

te
 F

o
rc

e
 [
N

]

Error w.r.t. tensile force at location 1

Location 2

Location 3

Location 4

Fig. 17. Results experiment 2: Cumulative friction losses along single tendon
routing.

converted torque to tensile force at joint 2. Fig. 16 shows the

measurement setup. Testing is done using an ATI Industrial

Mini-40 force-torque sensor as a ground-truth reference con-

nected on both sides with a 3D printed bracket to a tendon.

The actuators drive the non-linear spring continuously between

initial deflection and a deflection corresponding to a tensile

force of 90 N. At both deflections, the actuators are shortly

paused. The result for a single actuator and non-linear spring

is shown in Fig. 17. The error is larger for an increased number

of routing points and increased winding angle.

It can be observed that the intended tensile force by the

springs is partially present at the gripper’s joints due to

cumulative friction losses along the tendon routing. The force

routing efficiencies (defined in Section III-E) w.r.t. non-linear

spring tensile force for positions 2, 3 and 4 are respectively

η2 = 0.72, η3 = 0.61 and η4 = 0.54 for 20 N and up to

η2 = 0.95, η3 = 0.92 and η4 = 0.90 for 90 N. Although

the single- and double-winded pulleys should have the same

efficiency according to Eq. (15), the value of η3 is slightly

lower than η2. This may be caused by the neglected effect of

friction arising from a tendon moving past itself in the same

v-groove for a double-winded pulley.

Fig. 17 shows a relaxing behaviour with tendon tension
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Fig. 18. Results experiment 3: Characterization of the torque deflection curve
of joint 2 (q2).

decreasing when the actuators are paused (e.g. between 9 and

12 s). When paused, the actuators were barely moving, since

the measured tensile force using encoders in the software had

reached the setpoint with neglectable error. The behaviour is

common for viscoelastic materials like polymers. [34].

C. Experiment 3: Torque-deflection relation for joint 2

The torque-deflection relation range is measured in the pro-

totype to check correspondence with designed range. Joint 1

is fixed using a 3D printed bracket and torque is applied by

pulling on a tendon, while the force is measured using the ATI-

40 force sensor. Fig. 16d shows the measurement setup. The

stiffness is increased by linearly increasing all elements of F st

in Eq. (20) from 10 to 110 N in steps of 25 N. Fig. 18 shows

the torque-deflection relations together with first-order fits. An

increasing stiffness results in a larger hysteresis. The first-order

fit indicates a significant error between the stiffness range

in simulation and prototype. Both show a linearly increased

stiffness, which is in line with Eq. (11). The average error

between simulation and prototype is 0.284 Nm/rad (61.7%)

with range 0.23-0.31 Nm/rad (33.3-92.0%).

D. Experiment 4: Stiffening of joint 2

To test the stiffness feature on an deformable object, a grasp

is performed with a certain contact force setpoint of 10 N. The

stiffness is increased by applying a ramp-function with finite

start (t=15 s) and stop time (t=25 s) as shown in Fig. 19. During

the experiment, the theoretical stiffness value is calculated

using Eq. (11).

The simulation shows a contact force in equilibrium equal to

the setpoint, also while stiffening. The prototype shows a lower

equilibrium of 7.08 N (29.2 % error). During stiffening, the

grasp force deviates around ± 0.65 N (9.2 %). The prototype

shows an slight increase in joint angle (closing motion of

gripper) in the first seconds of stiffening.

E. Experiment 5: Grasping different and off-center objects

A grasp of a 50 mm diameter deformable cylinder with

stiffness of 120 N/m is compared in simulation and prototype
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Fig. 19. Results experiment 4: Stiffening joint 2. Equilibrium grasp position is
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in Fig. 20. It can be seen than the finger remains straight for

longer, although the end position is very similar. In simulation

the the object is a little more squeezed, following from the

reduced contact force due to friction losses. Note that the

simulation does not shown the object deformation, but only

overlap between the fingers and object.

Fig. 21 shows a practical grasp collection with various

objects of different size, shape, stiffness, and mass. Objects

were also rotated and placed off-center. It can be observed

that the gripper has established successful grasps for this wide

range.

VIII. DISCUSSION

The discussion on results and observations are summarized

in a few points below.

A. Imperfections of non-linear springs

When considering the non-linear spring prototypes, the

discretized behavior in Fig. 11 could be caused by 3D printed

imperfections in combination with high forces in the linear

springs. When the rollers are having a nonzero velocity, the

effect is reduced compared to a close to zero-velocity (e.g. for

small deviations around setpoint). A device printed in ABS

and cleaned with alcohol to smooth out the path could reduce

the effect even further.

It is important to have an exact zero-deflection point on

the devices, since small deflection errors result in significant

force errors at large deflections. Additionally, the assumption

of infinitely rigid bodies and non-stretching tendons does not

hold. For higher tensile forces in the tendons, the (Delrin)

plates starts bending and knots are tightened further. The

improved clinch knot was used, which tightens when tensile

force is applied. Also, the tendon stretches, although a very

stiff multiple stranded polyethylene fiber fish line was used. To

reduce stretching, a small diameter metal cable is favorable,

but the flexibility should be sufficient to wrap inside the tight

spaces, knotting is more difficult and sliding friction would

increase. The non-constant tendon length in combination with

a variable zero-deflection point complicates balancing a tensile

force between two opposing tendons. Therefore, when increas-

ing joint stiffness, the joint angle shifts and the magnitude

contact force increases as observed in Fig. 19.

B. Proof-of-concept rigidity

3D printing is well suited for fabricating complex shapes

and light-weighted parts, but it remains plastic, which deforms

relatively easily compared to steel. Identically, the plastic

bearings used as bushing-supported bearings in the phalanges

rotate freely under small loads, but for increased loads, the

friction increased significantly. This is visible in the torque-

deflection curves of joint 2 in Fig. 18, causing significant

hysteresis. Overall, the friction losses in the tendon routing

and bearing/bushing-supported pulleys resulted in the smaller

tensile forces present in the tendon chain in Fig. 17 and

magnitude error in Fig. 19.

When comparing Figs. 17 to 19, the obtained stiffness er-

rors (33.3-92.0%) are larger than the tensile force errors (10.0-

46.0%) and magnitude contact error (29.2%). In Fig. 17,

the phalanges are barely moving by experimental setup con-

straints, while in Fig. 18, the distal phalange moves in the full

range of joint 2. Therefore, the friction between phalanges

and joints is much more dominant in Fig. 18. The error in

Fig. 19 is in line with the previous statement since a low

tensile is applied in the phase to obtain a grasp equilibrium

and while increasing joint 2 stiffness, the phalanges barely

move. Replacement using metal-bearing supported pulleys

could reduce effects. A different filament like ABS or carbon

fiber could reduce the problem as well.

C. Design iteration induced weaknesses

Design iterations of gripper parts induced misalignments be-

tween actuators, tendon-routing points and differential mecha-

nisms. For example, the differential mechanism tendon output

to be non-parallel to the tendon inlet at the base (angle

difference of about 7 degrees). Therefore, Eq. (13), describing

the estimation of the joint 2 angle using remote sensing and

assuming a parallel configuration, does not hold.

The material deflection and tendons stretch are the main

causes of the error in joint 2 angle estimation of Fig. 14.

An increased error could be observed for fast movements

compared to slow movements. The increased error for faster

movement is due to the errors induced in the spring deflection

measurement, since the encoder measurement is delayed by

one cycle (sample time = 32.4 ms) plus the delay in low-level

control loop for motor velocity control. However, the error

decreases when the motion was slowed down or paused for a

short period. Other control types could deal with this problem,

but the goal was to keep the control simple and including
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Fig. 20. Grasping of 50 mm diameter cylinder made out of ECOFLEX 20 with stiffness of about 120 N/m.

Fig. 21. Practical grasp cases. The diameter or width is visualized in mm on the 3D printed items as a reference.

e.g. derivative terms are not desired since velocities are com-

manded. For slow movement, the desired spring deflection is

maintained by the controller without any problem. A more

detailed analysis is required since layered control loops are

interacting. The error for slow movement can be explained

by the earlier stated problems, e.g. the tendon not being a

solid link, but slightly stretchable, not perfectly round printed

pulleys (not infinitely stiff) and plastic deflection. All these

effects accumulate into the error of ±5 degrees in Fig. 14.

The variation around the mean value of about 3 degrees could

be explained by the small differences in the time duration of

phases.

D. Adaptability feature

The adaptability feature is viable in a limited range, de-

termined by geometry. If joint angles are within limits, the

feature maintains a stable grasp while moving the object or

external forces are applied. When one of the joint limits is

hit, the object looses contact and falls out of the gripper.

IX. CONCLUSION

The concept of a gripper based on multiple tendons in an

agonist-antagonist setup has been proven to be viable. The

developed simulation model illustrates the attractive benefits

of the gripper and provides a valuable tool for both simulation

and development. The proof-of-concept prototype also showed

these attractive benefits in experiments, such as the ability to

grasp objects with high compliance and afterwards increase

stiffness to make acceleration possible and to increase grasp

stability. Also, the design showed adaptability to alignment is-

sues and irregular shapes when approaching objects or external

applied forces. The gripper includes three non-linear springs

with designed force-deflection relations. Reducing the number

of sensors and locating the sensors for the second joint angle

remotely reduces possible contact and increases cleanability.

In future work, it would be beneficial to improve the proof-

of-concept mechanical structure by replacing (3D printed)

plastic components suffering from force deformation by stiffer

materials. Frictional effects in the gripper and routing should

be reduced. A further analysis of the layer control structure

is necessary. In terms of applicability, the wrist size should

be minimized, starting by minimizing the size of the non-

linear springs. By using stiffer and stronger materials, the

total dimensions can be reduced, while maintaining attractive

benefits of the gripper.
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4 Additional findings

During the thesis, some interesting findings or extra clarification results were obtained. The

most interesting findings are elaborated below.

4.1 Non-linear spring relation solutions

The non-linear spring contours are the solution of the earlier specified differential equation in

the paper. There is not a unique solution to the differential equation, as shown on the left in

Fig. 4.1. The selected contact path has a second-order poly-fit. There is a significant offset be-

tween both solutions. However, there is little difference between the obtained force-deflection

relations shown on the right side, despite the large offset in the contour. The contact path’s

slope is similarly for both solutions after a 2 cm deflection. It can be observed that in y ′, there

is a large peak at the start, but both solutions diverge to the same value. For multiple tested

desired relations, this difference is present. Solution 1 is selected since it is intuitively more

logical. Considering time, solution 2 is not manufactured to check whether this is a valuable

solution or not.

Solution 1 was fabricated using 100% infill PLA with a thickness of 10 mm. The rollers used are

1) inner diameter: 3mm, outer diameter 10 mm and 2) inner diameter: 6mm, outer diameter 19

mm. In case of lack of strength, carbon fiber could be printed to increase strength but turned

out to be not essential. For a minimized redesign, this could be beneficial. The force by the

linear spring is stated as usual (deflection of 4 cm) as: 140 N and maximum (at 8 cm deflection)

as 233 N. These values double for the spring with double stiffness, at the bottom of Fig. 4.1.
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Figure 4.1: Solution to the differential equation in the paper. Top row: Solution for Non-linear spring

1 and 2( NLS1 & NLS2). Both are identical since both have identical desired force-deflection relations.

Bottom row: Solution for non-linear spring 3 (NLS3). The difference is the quadratic slope constant (a),

which is doubled for NLS3 wrt NLS1 & NLS2. Left column: Obtained contact path. Middle column:

Obtained derivative of contact path. Right column: Force-deflection relation from obtained contact

path.
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4.2 Stiffening effect in simulation

The effects of increasing stiffness of joint 2 in the simulation are shown in more detail in

Fig. 4.2. Again, an initial grasp is performed and after 10 s, the joint stiffness is increased by co-

contraction. The non-linear spring deflections, angular position and non-linear spring force

are shown for each pair of actuator and tendon. The non-linear spring force increases linearly

(bottom line of Fig. 4.2), while the tendon state and angular actuator position change depend-

ing on the current deflection position of the non-linear spring.
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Figure 4.2: Effects of increasing stiffness of joint 2 in simulation. Each column represents a subgroup

containing a single tendon, actuator and non-linear spring. The red dotted line indicates the start of

co-contraction.
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4.3 Torque-deflection relations (individual)

The individual plots of torque-deflection relations of the paper are plotted for clarity below in

Fig. 4.3.
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Figure 4.3: Individual characterizations of the torque deflection curve of joint 2.
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5 Design Iterations

Between the initial design and the final design, several designed parts are iterated, aiming to

improve the gripper behaviour and performance. The most significant design iterations are

elaborated below.

5.1 Non-linear springs

The initial designed non-linear springs suffered from the wheel carrier acting as a whipple-

three. The adapted design includes additional small bearings in an inner contour with a fixed

offset distance to the rolling bearings. Also, the rollers moved out-of-plane w.r.t. the contour

due to small misalignments and non-identical linear springs. Therefore, the design is adapted

by printing guidance rails for the rolling bearings, increasing sliding friction between the guid-

ance and rolling bearing. The initial design had a limited force-deflection range, which range

was simply increased by extending the contour, as in Fig. 5.1. The force-deflection relation was

measured using a bucket, which was filled with water. Water was added in portions of about

500 mL, weighted before added.

Figure 5.1: Design iteration non-linear springs. Left: Increasing range of force-deflection relation. Mid-

dle: Adding guidance rails on contour. Right: Experimental setup for measuring force-deflection rela-

tions.

5.2 Limited actuator power

The initially required maximum torque in simulation turned out to be 1 N.m. The Dynamixel

XC-430-W150-T was selected, since 1.6 N.m initially seemed to be sufficient. However, they got

easily overheated since they are only rated to work shortly at their high-range torque and could

only work for a longer time (> 2 min) at 40% of their capacity. Therefore, the actuators are

replaced by Dynamixel MX64, which delivers 6.0 N.m. However, the dimensions are larger, so

the initial three-on-a-row structure (see Fig. 5.2) is not feasible. The three-on-a-row structure

took benefit from minimal deflection since the (Delrin) plate is supported on both sides by an

aluminium square profile. The actuators are re-positioned inside the possible space, which

resulted in misalignment between the actuator and the first routing point inlet. The tensile

force goes up to 100 N, which is a point where (5mm thick Delrin) plates start deflecting (next

to tendon stretching), which induced significant measurement errors. The deflection is made

visible with the red line in Fig. 5.2. Replacement with steel plates would reduce this side-effect,

but was not implemented considering time.
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A) B)

C)

D)

Figure 5.2: Actuator placement. A,B: Initial actuators aligned with tendon routing pulleys. C,D: Location

of more powerful actuators. Also, indicating plate deflection of maximum load on both sides.

5.3 Tendon routing frictional losses

The tendon routing contained two types of guidance, a pulley with and without an encoder.

5.3.1 Tendon routing without encoder

The tendon routing pulley without an encoder is only used to redirect the tendon direction to

keep the gripper compact. The main weaknesses are illustrated in Fig. 5.3. One of the main

weaknesses of the initial design was the tendon going out of the v-groove in the pulley, result-

ing in a huge increase in sliding friction. Additionally, due to misalignment by implementing

stronger actuators, the tensile force was no longer perpendicular to the pulley’s rolling axis.

Consequently, the guidance increased significant friction by clamping the pulley’s side faces

with the guidance. The initial design had Teflon pulleys rotating as a bushing-supported pulley

around an aluminium bar. All these weaknesses are improved by implementing a ball-bearing-

supported pulley with sufficient spacing between pulley side faces and outer guidance. Also,

the guidance pulley is connected to the Delrin plate via a bolt and nut making it rotatable and

adjustable to small alignment errors. Also, the whole guidance was printed under a slight angle

to capture the expected misalignment.

Figure 5.3: Tendon routing without encoder. Left: Tendon running out of the v-groove increasing slip-

ping friction. Middle: Tendon not perpendicular to dominant motion axis resulting in the clamping

between pulley and guidance. Right: Bearing-supported guidance with adjustable orientation.
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5.3.2 Tendon routing with encoder

The integrated actuator encoder and one encoder-pulley are used to obtain the force-

deflection of a single non-linear spring. The tendon guidance with an integrated encoder was

designed slightly different compared pulley without an integrated encoder since the rotational

angle of the pulley should be measured. The guidance is shown in Fig. 5.4. A magnet is con-

nected to an aluminium shaft with a 3D printed adapter. The shaft is press-fit through the pul-

ley’s center and supported on both sides by ball-bearings. The pulley guidance with encoder

had the same weaknesses as the pulley guidance with encoder. Additionally, the tendon should

not unwind, since it would result in measurement errors. As described in the paper, there-

fore, the double-winded structure is proposed to increase the contact area, at cost of increased

friction.

Figure 5.4: Tendon routing with integrated encoder. Left & Middle: CAD model of initial design. Right:

3D printed iterated design.

The tendon routing in the differential mechanism is shown in Fig. 5.5. It contains on the left of

a blue pulley on both sides supported by bearings and on the right side with a bearing inside

the red pulley. Both are different, since, on one pulley, an encoder needs to be attached, which

requires the pulley to move together with the axle. The other side of the differential mechanism

is connected to both bolts via a small tendon.

Figure 5.5: Prototype of differential mechanism with implemented encoder.

The gripper is shown in Fig. 5.6. The phalanges were connected via plastic bushings (IGUS inc.,

2022) and an aluminium rod to have low friction in the desired rotational direction and high

friction in both other perpendicular directions. Aluminium rods of 2 mm diameter were se-

lected to minimize contact surface and minimize gripper weight while preventing deformation

under radial load. Initially, the pulleys were printed in nylon with the aluminum rods acting

as bushing supports. The pulleys start tilting in the direction of the rotation axis, causing the

pulleys to get stuck (clamp) and increased sliding friction. The effects were reduced by sup-
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porting the pulleys on both sides with plastic bushings (as bottom-right in Fig. 5.6). For low

tensile forces, this was sufficient, but low friction couldn’t be ensured when large tensile forces

are applied. The phalanges were 3D printed are designed for compactness with less accent

on rigidity, since positioning multiple pulleys and routing pins inside the body was complex.

Therefore, the desired restriction of the phalanges to rotate around a single axis does not apply.

For further design, this is something to keep in mind.

Figure 5.6: Prototype of 2DoF finger.

5.4 Controller implementation

The controller is implemented using an Arduino Uno with a Dynamixel shield. The three ac-

tuators are connected via TTL running firmware version 1. The shield blocked the method to

update the firmware of the Dynamixel MX64 to version 2, which offered much more compact

and elegant function descriptions. The Arduino runs with a cycle time of about 32.4 ms, which

determines the update rate of the setpoint generator and encoder functions. A total of 6 en-

coders are connected via SPI to minimize wiring. The encoders wrap each 2π, so a function is

implemented to get cumulative angles. The Arduino code can be found in the supplementary

material.
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6 Simulation model

The paper mentions shortly the most important contributions of the simulation model, which

are elaborated in more detail below.

The modeling of the 2DOF body per finger is done using the screw theory with twists, wrenches

and adjoints to convert between different frames. Some more details about screw theory can be

found in Selig (1991) and in Appendix A. The modeling software 20Sim is used and an overview

of the model is shown in Fig. 6.1. The 20sim file is added as supplementary material. Each

rigid body is described as a 1-junction to which an I-type element is connected. This method

is used because, in the initial stage, the DoF can be easily restricted to reduce the complexity,

and also because, in an advanced stage, it can be used to include out of plane compliance or

disturbances. Adding a third finger positioned an z-offset above the other fingers is relatively

easy, but requires an adapted contact modeling, since currently object can only move and ro-

tate within plane and tiling is not possible.

As stated before, the tendons are modeled as rigid cables with a non-linear spring in series. The

frictional losses are modeled as an modulated resistors (MR), with parameter η(q1). The wrap-

ping efficiency is modeled, but stick-slip frictional losses were not characterized (and thus not

included) for the bushing-supported phalanges and bushing-supported pulleys. Transform-

ers are used to convert forces to torques and actuatiors as flow sources moving one spring

end of the tendon chain, while the other end was fixed to the distal phalange. For modeling

a rigid body, the fictitious forces are disregarded because the bodies are assumed to be rotat-

ing relatively slow. The effect of gravitational forces on the pulleys, tendons and springs are

neglectable, but gravity of the phalanges is included.

The contact modeling is visualized in Fig. 6.1 as "Obstacles". It utilizes the joint states (H-

matrices) of both fingers to calculate a tensile force setpoint according to the method shown

in the paper, which is the output of "GenerateSetpoint". The contact model could be extended

as accurate as possible, but this research is restricted to a couple of contact points. The object

is modeled as a sphere with a spring attached between the sphere’s center and the i -th contact

point. In this way, varying the stiffness, fully rigid to compliance objects can be simulated and

the forces exerted on the object can be visualized. The object’s position and orientation is vi-

sualized by applying in the netto external forces on an independent body. Many deformable

objects have an increasing stiffness-deflection curve, since the object density increases when

squeezed. Therefore, the force in the contact spring is modeled as F (x) = a(x −x0)2
+b(x −x0).

The effects of the contact are modulated by calculating the distance between the contact point

and joints, to calculate the moment arm and contact angle (angle between phalange and ob-

ject), which is always rectangular. The spring deformation is multiplied with the spring con-

stant to obtain the reaction force, which is multiplied with the moment arm to obtain the re-

sulting torque. This torque is fed back using an modulated effort source (MSe) into the individ-

ual joints.
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Figure 6.1: Model in 20sim. Fullmodel, submodel tendon and submodel finger.
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7 Conclusion

The main conclusions of the research have already been given in the core paper (Chapter 3),

therefore this section will focus on the conclusions with respect to the requirements stated in

the other chapters.

All requirements stated in the MoSCoW for the ’must have’ and ’should have’ are satisfied. Addi-

tionally, the remote sensing of joint 2 in ’could have’ is also implemented. Mechanically design

optimization is (partly) included in the tendon routing guidance and outer casing, to aim for

a rigid and compact gripper design. Despite this, further optimization is required. The other

requirements under ’could have’ are not included considering time and impact on other char-

acteristics. The requirements for ’won’t have’ are not included by default. The obtained contact

force ranges from 0 - 7.08 N and the stiffness range 0.02 - 0.48 Nm/rad. Note that the specified

contact force range is the range whereafter the joint stiffness could be increased by a factor of

3. The maximum grasp force limit is exceeding, but stiffness could not be increased afterward.

Multiple available objects were grasped successfully, where the maximum object mass was a

cylinder (made out of ECOFLEX 20) of 400 g.

An overview of the desired requirements of design and the proof-of-concept is shown in Ta-

ble 7.1.

Table 7.1: Overview of initial quantifiable design requirements and fabricated gripper.

Parameter Desired amount Proof-of-concept Unit

Contact grasp force 0.71 - 14.66 0 - 7.08 N

Stiffness range (joint 2) ?? 0.02 - 0.48 Nm/rad

Maximum object mass ≥ 200 ≥ 400 g
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A Screw Theory

A n-dof finger can be modeled using the screw theory. For general velocities in 3-D, there are

6 degrees of freedom: 3 rotations and 3 translations. A twist is a ª6-Dº velocity that can be

expressed as a 6×1 vector. A simple and intuitive way to construct the Twist is to append linear

velocity to angular velocity.

T =

(

ω

v

)

(A.1)

Note the dependency of the frames. The twist c
T

b
a is represented as: "T of a wrt b in c"

Velocities, twists, are vectors. An operator that acts on a vector and yields a (scalar) real number,

is called a co-vector. Since power is calculated as P = F · v,F must be a co-vector: it is an

operator on velocity and yields a real number. For each velocity vector, whether it be linear

velocity v , rotational velocity ω, or a twist T , there is a dual force-like co-vector: F,τ, and the

wrench W .

P =W T =

(

τ F
)

(

ω

v

)

(A.2)

We write W as a row-vector to indicate that it is a co-vector.

One point in frame A can be expressed in frame B,

A p = R A
B

B p +
AOB ⇔

AP =

[

R A
B

AOB

0 1

]

B P

where the new matrix is called the homogeneous matrix or H-matrix:

H A
B :=

[

R A
B

AOB

0 1

]

.

Twist can be transformed between frames using the Adjoint matrix. The twist of an body body

or frame with respect to another body or frame expressed in A can be expressed in B by map-

ping of the Adjoint matrix of H B
A ,

B T •

•
= AdH B

A

AT •

•
, (A.3)

where AdH B
A

is given by:

AdH B
A
=

[

RB
A 0

B õARB
A RB

A

]

, (A.4)

where B õA is the skew symmetric matrix. The skew symmetric matrix is defined as:

x =





x1

x2

x3



⇒ x̃ =





0 −x3 x2

x3 0 −x1

−x2 x1 0



 (A.5)

Each rigid body is described as a 1-junction to which a I-type element is connected.

A rigid body expressed in body-fixed frame is denotes as Ψk . The 1-junction represents the

Twist, or velocity in all 6 dimensions, of the body, with respect to the world-fixed frame Ψ0 ex-

pressed in body-fixed frame Ψk . Further, the I-type element contains the body’s inertia matrix
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expressed in body-fixed frame as:

k
I =



















Ixx 0 0 0 0 0

0 Iy y 0 0 0 0

0 0 Izz 0 0 0

0 0 0 m 0 0

0 0 0 0 m 0

0 0 0 0 0 m



















(A.6)

The constitutive equations of the I-type element are

k
Ṗ

T
=

kW T

k
T

0
k =

k
I

−1
·

k
P

T
(A.7)

Here, k
P is the state of the I element.

Only when twists are expressed with respect to the same reference frame can they be added

or subtracted. Therefore, MTFs are required to transform between different reference frames.

These MTFs contain the specific homogeneous matrix (H-matrix) describing the transforma-

tion between the two frames, more precisely: the rotational as well as translational transforma-

tion.
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